We use the density functional theory and x-ray and neutron diffraction to investigate the crystal structures and reaction mechanisms of intermediate phases likely to be involved in decomposition of the potential hydrogen storage material LiAlH 4 . First, we explore the decomposition mechanism of monoclinic LiAlH 4 into monoclinic Li 3 AlH 6 plus face-centered cubic ͑fcc͒ Al and hydrogen. We find that this reaction proceeds through a five-step mechanism with an overall activation barrier of 36.9 kcal/mol. The simulated x ray and neutron diffraction patterns from LiAlH 4 and Li 3 AlH 6 agree well with experimental data. On the other hand, the alternative decomposition of LiAlH 4 into LiAlH 2 plus H 2 is predicted to be unstable with respect to that through Li 3 AlH 6 . Next, we investigate thermal decomposition of Li 3 AlH 6 into fcc LiH plus Al and hydrogen, occurring through a four-step mechanism with an activation barrier of 17.4 kcal/mol for the rate-limiting step. In the first and second steps, two Li atoms accept two H atoms from AlH 6 to form the stable Li-H-Li-H complex. Then, two sequential H 2 desorption steps are followed, which eventually result in fcc LiH plus fcc Al and hydrogen: Li 3 AlH 6 (monoclinic)→3 LiH͑fcc)ϩAl͑fcc)ϩ3/2 H 2 is endothermic by 15.8 kcal/mol. The dissociation energy of 15.8 kcal/mol per formula unit compares to experimental enthalpies in the range of 9.8 -23.9 kcal/mol. Finally, we explore thermal decomposition of LiH, LiH͑s)ϩAl͑s)→LiAl͑s)ϩ 1 2 H 2 (g) is endothermic by 4.6 kcal/mol. The B32 phase, which we predict as the lowest energy structure for LiAl, shows covalent bond characters in the Al-Al direction. Additionally, we determine that transformation of LiH plus Al into LiAlH is unstable with respect to transformation of LiH through LiAl.
I. INTRODUCTION
There is great interest in the development of small lightweight hydrogen storage methods 1, 2 for automotive applications. Hydrogen fuel, which can be readily produced from renewable energy sources, contains at least three times larger chemical energy per mass ͑142 MJ kg Ϫ1 ͒ than any chemical fuel, thus making a hydrogen fuel cell an attractive alternative to an internal combustion engine for transportation. On the other hand, the problem is how to store it in a small lightweight container. The small lightweight hydrogen storage method may also find its use in a fuel cell system as energy carrier for a portable electronic device.
A hydrogen fuel cell car needs to store at least 4 kg hydrogen to match the range of a gasoline-powered car. 1 To store this amount of hydrogen as hydrogen gas at room temperature and atmospheric pressure requires such a large volume corresponding to a balloon with a 4.5 m diameter that is hardly a practical volume for automotive applications, while a carbon-fiber reinforced high-strength steel container 2 can fill up as a compressed gas with slightly less than a 60 cm diameter. However, the problem is that the associated risk to control its accompanying high pressure ͑450 bars͒ for this compressed gas exceeds that for gasoline-powered vehicles. To reduce this problem, among the alternatives commercially available today, liquid hydrogen has a good potential of becoming the hydrogen fuel for vehicle transport in that it has a high mass density 1 ͑70.8 kg m Ϫ3 ͒ and is also relatively safe. However, despite these advantages, to liquefy hydrogen is cost-expensive and requires an intensive cryogenic process for cooling due to a very low condensation temperature 1 ͑Ϫ252°C at 1 bar͒ of hydrogen. The additional issue is that the heat transfer through modern available containers for liquid hydrogen can result in loss of up to 40% of the energy content in hydrogen. 3 A large container has a smaller surfaceto-volume ratio than a small container, thus it is better in reducing heat transfer. However, the condition that a larger hydrogen storage container is better for reducing heat transfer sets a crucial limit to the development of a small hydrogen storage container for liquid hydrogen. Due to these costexpensive processes and geometric limitation, there has been recently more interest in storing hydrogen on solid state materials such as advanced carbons and light weight metals in-stead of liquid hydrogen. Dillon et al. 4 reported that 6 -8 mass % reversible hydrogen was stored in single-walled nanotubes ͑SWNTs͒. However, controversial results 5, 6 have been published concerning true hydrogen storage capacity on advanced carbons. Hirscher and co-workers 5 argued against the report of Dillon et al. by showing that titanium hydrides in the SWNT stored large amounts of hydrogen, but hydrogen storage capacity on SWNT itself was less than 1 mass %. Likewise, Chen et al. 6 also showed that the increase in hydrogen storage capacity by alkaline metal-doped carbon NTs was attributed to formation of metal hydrides. Although these results are not confirmative, putting all these results together one could say that the adsorbed reversible hydrogen on tubular forms of carbon is still not satisfying the United States Department of Energy ͑DOE͒ target 1 of 6.5 mass % set for automotive applications.
The promising alternative for hydrogen storage is a metal hydride system. Metal is capable of absorbing large amounts of hydrogen while releasing heat as it is filled with hydrogen under a moderate pressure and then releases hydrogen as reducing the pressure or supplying the heat it needs. However, there are considerable challenges to meet the requirements for vehicular applications, which include: ͑1͒ increasing the maximum weight percent of reversibly adsorbed hydrogen to 6.5% more, 1 ͑2͒ increasing the maximum hydrogen capacity per volume to 62 kg m Ϫ3 more, 1 and ͑3͒ improving the rate for adsorption/desorption to peak consumption of 1-3 g s
Ϫ1
. 7 These are all important, but no metal hydride system has been found to meet all these demands. There are many reaction steps that may hinder kinetically a metal hydride system to reach its thermodynamic equilibrium of hydrogen storage within a reasonable time. For example, although magnesium-based metal hydrides can store up to 7.6 mass % hydrogen, 8 they exhibit kinetics too slow for practical applications. Consequently, it is currently essential to find materials exhibiting high volumetric/gravimetric hydrogen capacity in combination with enhanced kinetics at modest temperatures.
One system of technological interest is the LiAlH 4 system. The maximum available weight percentage and the hydrogen capacity per volume are 10.6 wt. % and 96 kg m Ϫ3 , respectively. Chen et al. 9 recently showed that titanium chloride-doped LiAlH 4 lowered the decomposition temperature of LiAlH 4 , which resulted from the enhanced kinetics for a dehydriding cycle. Thus development of catalysts for the enhanced kinetics of LiAlH 4 is very attractive since it can eliminate the need for high temperature and high pressure previously required for the rehydriding/dehydriding cycle.
Vajeeston and other co-workers 10, 11 have recently studied a detailed high-pressure-induced transformation of LiAlH 4 and Li 3 AlH 6 using the ab initio project plane-wave method. 12 At 33.8 GPa, they predicted that the phase transition from monoclinic LiAlH 4 to orthorhombic LiAlH 4 can occur, while Li 3 AlH 6 stabilizes in space group R-3 at ambient pressure. However, despite these detailed studies and the promise of lithium aluminum hydride systems, there remain still considerable challenges in optimizing these systems, which are impeded by the uncertainties about thermodynamic and kinetic parameters of removing hydrogen from them and adding hydrogen to them. In addition there remain uncertainties about thermal behaviors of crystal structures, atomic configurations, and electronic structures for various intermediate phases likely to be involved in hydrogen storage as the temperature changes. Thus we initiated a series of first-principles density functional theory 13, 14 calculations to determine the temperature-induced decomposition mechanisms, and thermodynamic and kinetic parameters of various intermediate phases for hydrogen storage in LiAlH 4 . These results are reported here in Sec. III. Section II provides some details about the calculations while Sec. IV summarizes our results and discusses points that remain to be clarified.
II. COMPUTATIONAL DETAILS
All calculations are performed using the PW91 ͑Ref. 15͒ and KMLYP ͑Ref. 16͒ methods. The Li and Al atoms are described using non-local norm-conserving Vanderbilt scalar pseudopotentials 17 to replace the 1s electrons of Li and the Ne core of Al. The set of k points used to expand the molecular wave function is based on the Monkhorst-Pack scheme. 18 To overcome problems associated with finite k-point sampling in metallic systems, we use the thermal broadening scheme 19 of Gillan with broadening energies of 0.2 eV.
We use a plane-wave basis, but truncated to include only plane waves having kinetic energies Ͻ270 eV. To test the adequacy of using this cutoff we first consider the B32 ͑space group Fd-3m) structure for LiAl and perform the total energy calculations using the 9880 k points corresponding to the 270 eV cutoff energy and the 37 671 k points corresponding to a 300 eV cutoff energy. The total energies per formula unit differ by only 0.6 kcal/mol. Likewise, for fcc Al the difference between energies obtained with these two cutoff energies is Ͻ0.2 kcal/mol. These results suggest that the 270 eV cutoff energy is somehow optimal in terms of being able to reduce significantly the considerably expensive computational cost and also to reproduce well total energies for the systems of Li and Al elements upon using much larger cutoff energies. Consequently, we use a cutoff energy of 270 eV for all of the calculations reported herein.
Unless otherwise noted all energies are corrected for the zero-point energy ͑ZPE͒, which are calculated at the geometries obtained through full optimization. All electronic structure calculations for optimizing geometries are performed with the CASTEP ͑Ref. 20͒ program while vibration frequencies are obtained using the DMO13 ͑Ref. 21͒ program using the DN ͑DN-double-numeric͒ quality basis set. On the other hand, to determine the activation barriers for decomposition of LiAlH 4 and Li 3 AlH 6 we perform geometry optimizations and frequency calculations using the GAUSS-IAN04 package, 22 where the electronic wave functions are expanded using the 6-31ϩ(d,p) ͑Ref. 23͒ diffuse doublezeta plus polarization basis set. In addition x-ray diffraction ͑XRD͒ ͑Ref. 24͒ using a Cu radiation of 1.542 Å and neutron diffraction ͑ND͒ ͑Ref. 25͒ using a neutron source of 1.555 Å are simulated to obtain d spacing, 2, and intensities for hkl reflections.
III. RESULTS AND DISCUSSION
We calculate the structures and energies for a number of alternative crystal structures for each compound: LiAl, LiAlH 4 , Li 3 AlH 6 , LiAlH 2 , LiAlH, LiH, and Al. In each case we use a supercell to allow the structure to adopt unexpected structures.
A. LiAl
First, we perform full optimizations to determine the crystal structures for six different LiAl phases, namely, the Fd-3m ͑B32͒, Pm-3m ͑B2͒, P4/mmm (L1 0 ), Pnma ͑B27͒, P6 3 mc ͑B4͒, and P2 1 /c space group types, where B32, B2, L1 0 , B27, and B4 represent ''Pearson'' symbols. EPAPS ͑Ref. 26͒ ͑see Table I͒ summarizes their predicted lattice parameters, atomic positions, and energies per formula unit. We find that the lowest energy structure for LiAl is higher for the B32 phase, with the L1 0 phase 9.8 kcal/mol, the B27 phase 13.4 kcal/mol, the monoclinic ( P2 1 /c) phase 16.4 kcal/mol, the B2 phase 19.8 kcal/mol, and the B4 phase 38.7 kcal/mol.
B32 is a NaTl type structure based on a body-centeredcubic ͑bcc͒ lattice as shown in Fig. 1͑a͒ , but in which each Al has four Al neighbors tetrahedrally coordinated and four Li neighbors also tetrahedrally coordinated. In addition each Li has the same environment. We find that the Al-Al bond charge ͑see Fig. 2͒ is more localized in the Al-Al direction, suggesting covalent Al-Al ͑2.70 Å͒ bonds, but there is a uniform electron density in the Li-Li and Al-Li direction, suggesting metallic bonding. Thus one can visualize the B32 structure as a mixture of covalent bonding for the Al-Al bonds and of metallic bonding in the Li-Li direction. The Al-Al distance here of 2.70 Å is shorter than 2.82 Å for the bulk metal fcc Al, suggesting stronger bonding between Al atoms than that for fcc Al. Our calculated equilibrium lattice of 6.23 Å compares with the experimental result 27 of 6.36 Å. The difference between theory and experiment is attributed to thermal expansion of lattice at an experimental temperature. Figure 1͑b͒ shows the B2 structure, which is a CsCl type structure with a simple bcc lattice with each Al coordinated to eight Li and each Li coordinated to eight Al. The eight nearest neighbors to the Al are Li atoms and it has the Al-Li distances of 2.67 Å shorter than the 2.70 Å for Al-Li bonds of B32. On the other hand, the Al-Al distances of 3.09 Å to the six second-nearest neighboring Al atoms are much larger than the 2.70 Å for the B32 structure or the 2.82 Å for fcc Al. The density for the B2 phase is higher than that for B32 LiAl. These results suggest the following simple picture for the bonding in the B2 structure. The Al atoms in the B2 structure would like to form stronger bonds by coming closer together, but the pressure of the electrons provided by the Li atoms counteracts this tendency. Upon applying sufficient pressure, the Al-Al bonding becomes sufficiently strong to make the B2 structure the most stable. We find that above 15.0 G bars the B2 structure is more stable than B32, which compares to the theoretical estimate of 1.4 G bars by Guo, Podloucky, and Freeman. 28 At this phase transition we find that the lattice parameter decreases by 6.8%.
L1 0 is a CuAu type structure based on fcc lattice as shown in Fig. 1͑c͒ . Each Al has four nearest neighbors Al atoms in a plane plus eight Li atoms out of this plane. The Al-Al distances of 2.75 Å are shorter than the 2.82 Å for fcc Al, but slightly Ͼ2.70 Å for the B32 structure. Thus we consider that the Al-Al bond is weaker than the tetrahedral bond for B32. In addition the plane arrangement of Al atoms in L1 0 is less favorable for the sp 3 hybrids needed to form localized covalent bonds in the B32 structure. Figure 1͑d͒ shows the optimized geometries for Pnma LiAl. This phase is based on an orthorhombic lattice in which each Al is coordinated to the first nearest two Al atoms, the second nearest two Li atoms, and the third nearest five Li atoms. This structure ͑space group of No. 62͒ is predicted to have the lattice parameters aϭ9.53 Å, bϭ3.94 Å, cϭ4.26 Å with ␣ϭ␤ϭ␥ϭ90.0°.
The Al-Al distances of 2.54 Å shows more strong Al-Al bond characters in this orthorhombic phase than B32, but the bond angles of 101.4°for Al-Al-Al indicates that they are somehow in angular distortions. In addition the Al-Li distances of 2.82 Å to 2.91 Å compare to the 3.02 Å for fcc Li.
P6 3 mc LiAl is a ZnO type structure based on a hexagonal lattice as shown Fig. 1͑e͒ in which alternating Al and Li atoms are coordinated to form a complete hexagonal cyclic ring as in the case of graphite. The Al-Li bond distance on the basal plane is 2.88 Å while the bond distance between Li and Al ͑two͒ along the c-axis direction is 2.49 Å. In addition the bond angle for Li-Al-Li, where two Li and one Al are on the basal plane, is 120.0°while the other bond angle for Li-Al-Li, where one Li and one Al are on the basal plane and the other Li atom is along the c axis, is 90.0°. This structure, which belongs to space group of No. 186, has predicted lattice parameters aϭbϭ4.99 Å, cϭ4.98 Å with ␣ϭ␤ϭ90.0°, ␥ϭ120.0°.
The more details for atomic positions are also given in EPAPS ͑see Table I͒ . Figure 1͑f͒ shows the P2 1 /c LiAl structure based on a monoclinic lattice. Each Al is coordinated to the first nearest four Li and to the second nearest four AI. However, some amounts of bond and angular distortions under this symmetry make it impossible to form a complete tetrahedral coordination. Our calculated lattice parameters are given, This value compares to the other x-ray experimental result obtained from monoclinic LiAlH 4 by Chen et al., 9 which was identified by comparing their x-ray hkl reflections to JCPDS files ͑12-473͒ from JCDD ͑International Center for Diffraction Data͒:
aϭ4.8 Å, bϭ7.9 Å, cϭ7.9 Å with ␣ϭ90.0°, ␤ϭ111.5°, ␥ϭ90.0°. However, the atomic positional parameters and structural stabilities for other phases of LiAlH 4 have not been known yet. Thus we determine atomic positions and energetics for various phases of LiAlH 4 through full optimizations of geometries. In addition XRD and neutron diffraction peaks are simulated at these optimized structures of LiAlH 4 to compare with experimental results.
As an initial guess for the structure of LiAlH 4 we modified the B32 LiAl type structure as shown in Fig. 3͑a͒ in which each Al is replaced with an AlH 4 unit. The full geometry optimization for this structure leads to lattice parameters:
aϭ8.11 Å, bϭ8.11 Å, cϭ8.11 Å, with ␣ϭ90.0°, ␤ϭ90.0°, ␥ϭ90.0°. On the other hand, we find that the simulated XRD and ND from this B32 phase disagree with the experimental hkl reflections.
9,29
Next, we determine the atomic positions for the B2 LiAlH 4 phase ͓see Fig. 3͑b͔͒ , but find that it does not reproduce experimental hkl reflections. Thus we search for other structure types for LiAlH 4 to find the structure consistent with the experimental hkl reflections. We find that the simulated XRD and ND ͓see Figs. 4͑a͒ and 4͑b͔͒ from monoclinic LiAlH 4 of space group P2 1 /c, agree well with the experimental patterns. As the geometry for simulating hkl reflections, we use the structure fully optimized using a supercell twice as large as the size for the primitive cell. The strongest XRD peak is ͑210͒ and the ratio to the second strongest peak is I(21-2)/I(210)ϭ89.03%, while the third strongest peak leads to I(012)/I(210)ϭ63.93%, as shown in EPAPS ͑Table III͒. Likewise, the more details from simulated powder neutron diffraction, including d spacing, neutron 2, and intensity, are also summarized in Table III on EPAPS, where the strongest peak is ͑230͒ while the ratio to the second strongest peak is I(202)/I(230)ϭ50.10%. This monoclinic structure is a modification of the monoclinic LiAl structure and denoted as P2 1 /c LiAlH 4 , which is predicted to have lattice parameters aϭ4.8 Å, bϭ7.6 Å, cϭ7.8 Å with ␣ϭ90.0°, ␤ϭ110.6°, ␥ϭ90.0°.
These parameters are in a close agreement with experimental results 9,29 and theoretical results. 10 The atomic positions are also given in EPAPS ͑see Table II͒, in which each AI has four H tetrahedrally coordinated to form AlH 4 Ϫ that has three Al-H bond lengths of 1.60 Å and one Al-H bond length of 1.62 Å. On the other hand, Li ϩ is ionic bound to AlH 4 Ϫ , where the distance between Li-H is 1.89-1.92 Å. In addition the predicted band gap of 4.6 eV indicates that this hydride is an insulator. Figure 3͑c͒ shows the LiAlH 4 structure of space group L1 0 . The predicted lattice parameters and atomic positions for this L1 0 phase are summarized in EPAPS ͑Table II͒. Each Al has eight H octahedrally coordinated with the Al-H bond lengths of 1.85 Å while the Li-H bond distances are 1.91 Å. On the other hand, we find that the total energy per formula unit is 30.7 kcal/mol higher than that for P2 1 /c. EPAPS ͑Table II͒ summarizes the optimized geometries and atomic positions from orthorhombic ͑space group of No. 62͒ LiAlH 4 ͓see Fig. 3͑d͔͒ in which each Al has four H tetrahedrally coordinated to form a stable complex of AlH 4
Ϫ1
with Al-H bond lengths of 1.59-1.61 Å. However, we find that the total energy is 8.8 kcal/mol per formula unit higher than that for P2 1 /c LiAlH 4 . In addition the simulated XRD and ND patterns from this structure are not consistent with experimental results.
Finally, we calculate the atomic positions for H, Li, and Al atoms in the hexagonal structure ͓see Fig. 3͑e͔͒ , and the results are summarized in EPAPS ͑Table II͒. Each Al has four H tetrahedrally coordinated, which forms the complexes of AlH 4 Ϫ with Al-H bond lengths of 1.60-1.61 Å. On the other hand, Li ϩ is ionic bound to AlH 4 Ϫ , where the Li-H distance is 1.73 Å. The total energy per formula unit is higher by only 3.7 kcal/mol than that for the orthorhombic structure. Therefore, we expect that the hexagonal structure can transform to the orthorhombic structures at a moderate condition. When going from the hexagonal structure to the orthorhombic structure, the structure preserves the wurtzite type arrangements of the (AlH 4 )
Ϫ and Li ϩ ions during the phase transformation and it expands along hexagonal c ͑orthorhombic a͒ and contracts in the basal plane.
C. Li 3 AlH 6
The Li 3 AlH 6 structure is described in terms of three Li ϩ molecules surrounding each ͓AlH 6 ͔ Ϫ3 molecule. First, we search for the structure consistent with the experimental XRD data 9 ͓ICDD (Li 3 AlH 6 ), 27-282͔͒ and find that the simulated XRD patterns ͑Table V on EPAPS͒ from monoclinic structure of space group P2/m as shown in Fig. 5͑b͒ are in a close agreement with experimental result. The predicted strongest two reflections are ͑111͒ with 2ϭ21.53°a nd ͑11-1͒ with 2ϭ21.53°and I We also perform full optimizations to calculate the geometries and atomic positions for the hexagonal structure ͓see Fig. 5͑c͔͒ . Brink and Hauback 29 have recently reported that their Li 3 AlD 6 structure at 295 K has the hexagonal symmetry corresponding to space group of No. 148. We find that the simulated ND hkl patterns ͓see Fig. 6͑b͔͒ from this structure agree well with their experimental data. The simulated strongest two ND reflections from this hexagonal structure are ͑032͒ with 2ϭ45.72°and ͑230͒ with 2ϭ45.95°and I(230)/I(032)ϭ99.5%, the third strongest peak ͑33-3͒ with 2ϭ71.44°and I(33-3)/I(032)ϭ72.47%, and the fourth strongest peak ͑202͒ with 2ϭ39.68°and I(202)/I(032) ϭ62.39%. In addition we find that the calculated energy per formula unit at 0 K is more stable than that for the monoclinic Li 3 AlH 6 structure. Next, we remove the symmetry constraints corresponding to space groups P2/m and R-3 and then perform molecular dynamic simulations to see how the energies can change as the temperature increases. We find that at 295 K the structure having originally been in a monoclinic symmetry is 1.6 kcal/mol per formula unit higher than that in a hexagonal symmetry, but it becomes more stable by 3.3 kcal/mol per formula unit at 439 K. Consequently, these results appear to support two experimental findings in given above, that is, at 295 K the most stable phase for Li 3 Figure 7͑c͒ shows the LiH structure of the ''NaCl'' type. This structure can be thought of as Li ϩ ions stabilizing H Ϫ anions and has predicted lattice parameters aϭbϭcϭ8.05 Å with ␣ϭ␤ϭ␥ϭ90.0°.
D. LiH and LiAlH
These parameters compare to the experimental data 29 aϭbϭcϭ8.13 Å with ␣ϭ␤ϭ␥ϭ90.0°. 
E. Vibration frequencies
The vibration frequencies are necessary to determine zero-point corrections and the temperature dependence of the thermodynamic properties. 30 In addition it is useful for investigating such properties as thermal expansion and thermal conductivity. Figure 8 shows the vibration spectra calculated from the most stable phases of LiAl, LiH, Li 3 AlH 6 , and LiAlH 4 compounds. Chen et al. 9 showed that the first reaction proceeds around 165°C and it liberates 5.3 wt. % of hydrogen. We predict the first reaction to be endothermic by 14.1 kcal/mol, while the second reaction is endothermic by 17.4 kcal/mol. We also determine the Gibbs free energy at 298 K for the first reaction and find that the predicted value of 6.9 kcal/mol is in a close agreement with 6.6 kcal/mol by Dymova et al. 31 In addition the reaction pathway connecting LiAlH 4 to Li 3 AlH 6 is determined at the KMLYP/6-31ϩG(d,p) level of theory. The phase of Eq. 1 occurs through a five-step mechanism as shown in Fig. 9 . The first and second steps of this decomposition are conversion of three LiAlH 4 molecules to one Li 3 AlH 6 plus two AlH 3 molecules, which occur through the stepwise mechanism involving two sequential hydrogen transfers as shown in Figs. 9͑a͒-9͑e͒ . We find the first hydrogen transfer of this sequential reaction to proceed with an activation barrier of 8.6 kcal/mol ͑without zero-point corrections͒ and the formation of a five H coordinated Al intermediate to be endothermic by 0.2 kcal/mol. Then, the second H migrates from LiAlH 4 to this five H coordinated AI, which eventually produces one Li 3 AlH 6 and two AlH 3 as shown in Fig. 9͑e͒ . We calculate the barrier of this reaction to be 8.1 kcal/mol relative to the LiAlH 4 . Therefore, the overall activation barrier per formula unit relative to the initial LiAlH 4 structure calculated at the KMLYP/6-31ϩG(d, p) level of theory is 8.6 kcal/mol and the formation of one Li 3 Fig. 9͑i͒ . We find an activation barrier of 38.2 kcal/mol per formula unit relative to the LiAlH 4 , which reduces to 36.9 kcal/mol with zeropoint corrections. Next, the bridged H bonds to its neighboring hydrogen atom to produce another H 2 . This H 2 desorption proceeds with an activation barrier of 34.3 kcal/mol with respect to the initial LiAlH 4 . Consequently, these five reaction steps produce three H 2 and two Al plus one Li 3 AlH 6 from three LiAlH 4 . Thus, using the computed partition functions for the reactants and the transition state the reaction rate k of the canonical rate equation 32 is determined by
F. Dehyriding reactions
where ⌫(T) is the thermal tunneling coefficient which can be obtained by the same scheme in the work of the previous study, 16 Q TS is the partition functional for the transition state, Q A and Q B are the partition functions for the reactants A and B, respectively, and ⌬E 0 is the barrier height. The resulting dependence of solid state transformation from LiAlH 4 to Li 3 AlH 6 on temperature is given by kϭ1.76ϫ10 12 exp (Ϫ36 900/RT) where R is in units of 1.987/K. Since the phase transition of Eq. 1 occurs through solid-state decomposition, one would expect that the phase transition from LiAlH 4 to Li 3 AlH 6 , takes place locally. Thus after decomposition the resulting material ought to be a rather homogeneous mixture of extremely small domains for each phase. However, the diffraction experiments 9 show narrow peaks for product phases, indicating that these phases were present as relatively large crystallites, implying that there must be some long-range mechanism transporting metal species to the sites where crystallites are formed. Thus in decomposition of LiAlH 4 , Al must be transported toward the growing Al crystallites. We find that the resulting reaction for Eq. 1 is endothermic by 14.5 kcal/mol at the KMLYP/6-31 ϩG(d,p) level of theory, which is also consistent with 14.1 kcal/mol at the PW91 method using the cutoff energy of 270 eV. The first reaction proceeds around 195°C, and it liberates 2.6 wt. % of hydrogen. The first reaction is predicted to proceed through a four-step mechanism as shown in Fig. 10 . In the first step, two Li atoms accept one H to form a stable H-bridged intermediate ͓see Fig. 10͑c͔͒ hand, we predict the second reaction to be endothermic by 57.2 kcal/mol ͑without zero-point corrections͒. Consequently, our calculations suggest that decomposition of Li 3 AlH 6 would preferentially occur through the reaction 4. Dehydriding of LiH through phase-separated B32 LiAl is predicted to be energetically favorable to decomposition though LiH and Al.
LiHϩAl→LiAlH, endothermic by 4.6 kcal/mol, ͑6͒ LiHϩAl→LiAlH, endothermic by 13.8 kcal/mol. ͑7͒
IV. SUMMARY AND CONCLUSIONS
We used density functional theory and x-ray and neutron diffraction methods to investigate the reaction mechanisms as well as the crystal structures, atomic configurations, and vibration frequencies of various possible intermediate structures for hydrogen storage based on LiAl hydride systems. Particular attention was paid to three consecutive decomposition reactions involved in dehydriding of LiAlH 4 . First, we determined the crystal structures for various compounds, including LiAl, LiAlH 4 , Li 3 AlH 6 , LiAlH 2 , LiAlH, LiH, and Al. In each case we explored several plausible structures and determined the lowest energy form. For LiAlH 4 and Li 3 AlH 6 there were reported XRD patterns and we find that our structures agree well with the intensities in these patterns, in addition to agreeing with the overall lattice parameters and densities. Thus we consider that we have now established the stable crystalline structures for these systems.
We also considered decomposition of LiAlH 4 into the various phases. We predict that decomposition Thus we agree with the conclusion of the experiments that decomposition of LiAlH 4 leads to formation of Li 3 AlH 6 . This reaction is found to proceed through a five-step mechanism with an overall activation barrier of 36.9 kcal/mol. The first and second steps convert three LiAlH 4 molecules to one Li 3 AlH 6 plus two AlH 3 molecules, occurring through two sequential hydrogen transfers with an overall barrier of 8.6 kcal/mol. The third, fourth, and fifth steps connecting LiAlH 4 to Li 3 AlH 6 further convert one Li 3 AlH 6 plus two AlH 3 to one Li 3 AlH 6 plus two Al and three H 2 , occurring with an activation barrier of 38.2 kcal/mol per formula unit relative to the LiAlH 4 , which reduces to 36.9 kcal/mol with zero-point corrections. Next, we examined the thermal decomposition mechanism of Li 3 AlH 6 into fcc LiH with a simultaneous phase separation of fcc Al, which occurs through a four-step mechanism with an activation barrier of 17.4 kcal/mol for the rate-limiting step. In the first and second steps two Li atoms accept two H atoms to form H bridged intermediate from AlH 6 . Then, two sequential H 2 desorption steps are followed, which result in fcc LiH plus Al and H 2 as Li 3 AlH 6 ͑ monoclinic͒→3LiH͑fcc)ϩAl͑fcc)ϩ3/2H 2 .
We calculate that this reaction is endothermic by 15.8 kcal/ mol, and find that this dissociation energy compares to the experimental enthalpies of 9.8 -23.9 kcal/mol. Finally, we explore thermal decomposition of LiH, LiHϩAl→LiAlϩ 1 2 H 2 is endothermic by 4.6 kcal/mol. We find that the lowest energy structure for LiAl is for the B32 phase. Additionally, we examined alternative structure for the phases involved in these steps.
